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SELF-BALANCING ELECTRIC VEHICLE
WITH STRAIN-BASED CONTROLS

CROSS-REFERENCES

This application claims the benefit under 35 U.S.C. §119
(¢) of the priority of U.S. Provisional Patent Application Ser.
Nos. 62/241,772 (filed Oct. 15, 2015), 62/246,615 (filed Oct.
2'7,2015), 62/258,230 (11led Nov. 20, 2015), and 62/288,460
(filed Jan. 29, 2016), the enftireties of which are hereby

incorporated by reference for all purposes.

INTRODUCTION

The popularity of two-wheeled, forward-facing, self-bal-
ancing electric vehicles, known commonly as “hover-
boards,” has grown considerably over the past several years.
Many companies have entered the hoverboard market, with
slightly differing designs. Generally speaking, balance and
steering control systems for these vehicles have suflered
from various 1ssues, such as satety and reliability problems,
inclusion of numerous moving parts, related manufacturing
complexity and expense, and a lack of customizability of
riding characteristics. A need exists for a simpler and more
reliable control system for these electric vehicles.

SUMMARY

Two-wheeled self-balancing electric vehicles according
to the present teachings overcome the issues described
above by using one or more strain gauge systems to detect
rider-induced strain on a rnigid rider platform.

The present disclosure provides systems, apparatuses, and
methods relating to self-balancing vehicles. In some
embodiments, a seli-balancing electric vehicle may include:
a platform defining a long axis, a first foot placement
section, and a second foot placement section rigidly coupled
to the first foot placement section; a first wheel disposed
adjacent to a first lateral end of the platform and a second
wheel disposed adjacent to a second lateral end of the
plattorm, wherein the first and second wheels share a
common axis of rotation parallel to the long axis of the
platiorm; a balance position sensor attached to the platform
and configured to sense inclination of the platform; a first
strain gauge attached to the platform and configured to sense
twisting strain in the platform induced by imbalanced forces
exerted upon the first and second foot placement sections; a
first drive motor configured to drive the first wheel, and a
second drive motor configured to drive the second wheel,
wherein the drive motors are configured to drive the wheels
toward seli-balancing the platform in response to inclination
of the platform sensed by the balance position sensor, and to
drive the wheels differentially to cause the vehicle to turn 1n
response to twisting strain sensed by the first strain gauge.

In some embodiments, a seli-balancing electric vehicle
may nclude: a ngid platform including a first foot place-
ment section and a second foot placement section which 1s
immovable with respect to, or substantially rigidly attached
to the first foot placement section; a first wheel associated
with the first foot placement section and a second wheel
associated with the second foot placement section, wherein
the first and second wheels are spaced apart and substan-
tially parallel to one another; a first drive motor configured
to drive the first wheel, and a second drive motor configured
to drive the second wheel; a vehicle balance position sensor
coupled to the rigid platform; and a strain gauge coupled to
the rigid platform; wherein the drive motors are configured
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2

to drive the wheels toward self-balancing the platiorm in
response to data from the vehicle balance position sensor,
the drive motors are configured to drive the wheels difler-
entially to cause the vehicle to turn 1n response to data from
the strain gauge indicating imbalanced forces on the first and
second foot placement sections, and the drive motors are
configured to drive the wheels 1n unison to cause the vehicle
to move linearly in response to balanced forces on the first
and second foot placement sections.

In some embodiments, a self-balancing electric vehicle
may 1include: a platform including a first foot placement
section and a second foot placement section which are
substantially rigidly attached to each other; a first wheel
associated with a first lateral side of the platform and a
second wheel associated with a second lateral side of the
platform, wherein the first and second wheels are spaced
apart and share a common axis of rotation which 1s sub-
stantially parallel to a long axis of the platform; a balance
position sensor configured to sense rotation of the platform
about its long axis; a first strain gauge configured to sense
strain 1nduced 1n the platform by imbalanced forces applied
to the first foot placement section and the second foot
placement section; a first drive motor configured to drive the
first wheel, and a second drive motor configured to drive the
second wheel, wherein the drive motors are configured to
drive the wheels toward seli-balancing the platform 1n
response to rotation of the platform sensed by the balance
position sensor, and to drive the wheels differentially to
cause the vehicle to turn 1n response to strain sensed by the
first strain gauge.

Features, functions, and advantages may be achieved
independently 1n various embodiments of the present dis-
closure, or may be combined in yet other embodiments,

further details of which can be seen with reterence to the
following description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s an 1sometric front oblique view of an illustrative
two-wheeled selt-balancing vehicle having induced-strain
rider detection and turn controls 1n accordance with aspects
of the present disclosure.

FIG. 2 1s a front elevation view of the vehicle of FIG. 1.

FIG. 3 1s a bottom plan view of the vehicle of FIG. 1.

FIG. 4 1s a plan view of an 1llustrative full bridge strain
gauge sensor suitable for use 1 vehicles described herein.

FIG. 5 1s a schematic circuit diagram of an 1illustrative
strain gauge sensor and amplification circuit suitable for use
in vehicles described herein.

FIG. 6 1s a flow chart depicting steps in an 1illustrative
method for controlling vehicle turn characteristics in
response to twist strain.

FIG. 7 1s a flow chart depicting steps 1n an illustrative
method for rnider detection 1n accordance with aspects of the
present disclosure.

FIG. 8 1s a block diagram depicting selected components
in an illustrative control system in accordance with aspects
of the present disclosure.

FIG. 9 1s a flow chart depicting steps in an 1illustrative
method for controlling motors of a seli-balancing vehicle
using a control system such as the one shown in FIG. 8.

FIG. 10 1s a rear oblique isometric view ol another
illustrative two-wheeled self-balancing vehicle according to

the present teachings.
FIG. 11 1s a top plan view of the vehicle of FIG. 10.

FIG. 12 1s a bottom plan view of the vehicle of FIG. 10.
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FIG. 13 1s a front 1sometric view of the vehicle of FI1G. 10,
taken from above the plane of the vehicle.

FIG. 14 1s a rear elevation view of the vehicle of FIG. 10.

FIG. 15 1s a side elevation view of the vehicle of FIG. 10.

DESCRIPTION

Various aspects and examples of a two-wheeled, seli-
balancing electric vehicle having strain-based controls, as
well as related methods, are described below and illustrated
in the associated drawings. Unless otherwise specified, a
seli-balancing vehicle in accordance with the present teach-
ings, and/or 1ts various components, may, but are not
required to, contain at least one of the structure, components,
functionality, and/or variations described, illustrated, and/or
incorporated herein. Furthermore, unless specifically
excluded, the process steps, structures, components, func-
tionalities, and/or variations described, illustrated, and/or
incorporated herein in connection with the present teachings
may be included i other similar devices and methods,
including being interchangeable between disclosed embodi-
ments. The following description of various examples 1s
merely illustrative 1n nature and 1s 1n no way intended to
limit the disclosure, 1ts application, or uses. Additionally, the
advantages provided by the examples and embodiments
described below are illustrative in nature and not all
examples and embodiments provide the same advantages or
the same degree of advantages.

DEFINITIONS

The following definitions apply herein, unless otherwise
indicated.

“Substantially” means to be essentially conforming to the
particular dimension, range, shape, concept, or other aspect
modified by the term, such that a feature or component need
not conform exactly. For example, a “substantially cylindri-
cal” object means that the object resembles a cylinder, but
may have one or more deviations from a true cylinder.

“Comprising,” “imncluding,” and “having” (and conjuga-
tions thereol) are used interchangeably to mean including
but not necessarily limited to, and are open-ended terms not
intended to exclude additional, unrecited elements or
method steps.

Terms such as “first”, “second”, and ““third” are used to
distinguish or identify various members of a group, or the
like, and are not intended to show serial or numerical
limitation.

“Rigidly coupled” and “substantially nigidly coupled”
with respect to the foot placement sections mean that the
foot placement sections are not coupled to each other by a
rotatable mechanism such as a pivot or a bearing. However,
some microscopic amount of movement between the foot
placement sections still might occur, as must be the case for
the strain gauge to detect any strain. These microscopic
movements are not precluded by the ngid coupling of the
foot placement sections to each other.

“Immovable” with respect to the foot placement sections
means that the foot placement sections do not move relative
to each other 1n a macroscopic manner, such as through
visible rotations. However, some microscopic amount of
movement between the foot placement sections still might
occur, as must be the case for the strain gauge to detect any
strain. These microscopic movements are not precluded by
the relative “1immovability” of the foot placement sections.

“Rigidly attached” and “substantially rigidly attached”

with respect to the foot placement sections mean that the
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4

foot placement sections are not attached to each other by a
rotatable connection mechanism such as a pivot or a bearing.
However, some microscopic amount of movement between
the foot placement sections still might occur, as must be the
case for the strain gauge to detect any strain. These micro-
scopic movements are not precluded by the rigid attachment
of the foot placement sections to each other.

“Rigid” with respect to the platiorms described herein
similarly means that the platform does not include sections
that change their relative orientation or position to a mac-
roscopic degree. However, a ngid platform still can undergo
microscopic deformations, and portions of the platiorm sill
may move or rotate by small amounts relative to each other,
while remaining “rigid” as that term 1s used herein.

Overview

In general, two-wheeled, self-balancing, electric vehicles
in accordance with aspects of the present disclosure may
include a personal vehicle having a rigid niding platform
with a wheel at each lateral end, the platform including a pair
of foot placement sections rigidly attached to each other. A
rider’s feet may be received on the foot placement sections
with toes generally pointed in the direction of travel. Each
foot placement section may have an associated wheel and
motor, wherein the respective motors are controlled to drive
the vehicle toward self-balancing.

Controls imncluding one or more strain gauge systems are
configured to measure the effects of rider-induced forces on
the foot placement sections, giving the rider precise control
over the magnitude and direction of yaw (1.e., turning)
movements. Various embodiments are disclosed herein,
including examples having an additional strain gauge system
used to detect a rider’s presence by detecting the nider’s
weilght. In some examples, the measured weight of a nder
may be used to adjust the aggressiveness or other charac-
teristics of the balance controls. In some examples, wireless
communication connectivity may be used to customize a
ride experience.

In the vehicles described herein, a desired turn may be
commanded by the rider by applying toe pressure on one
foot placement section and simultancously applying heel
pressure on the other foot placement section. Steering con-
trols of the vehicle will respond, using a strain gauge system
to detect the twist strain induced on the vehicle by the rider’s
differentially applied forces. Accordingly, an effective and
simple system may be used to control, for example, a vehicle
having a single rigid platform (or a pair of foot placement
sections that are otherwise rigidly connected). As stated
previously, a “rnigid platform™ in this context means a
platform with sections that do not move or rotate macro-
scopically with respect to each other. However, the foot
placement sections of a rigid platform still may undergo
small relative displacements and rotations, corresponding to
strain detectable by a strain gauge system.

In some examples, the center area of the vehicle platform
includes a Wheatstone full-bridge strain gauge (or the like)
and an associated amplifier, configured to detect the induced
stress on the vehicle applied as a result of the nder’s body
position. As the rnider shifts weight between toe and heel on
cach side platform, a twisting (i.e., torque) stress 1s imnduced
into the frame. This twisting stress 1s measured by the strain
gauge system. The detected twisting/torque stress 1s then
used to determine how to command the vehicle to turn (yaw)
based on the magnitude and direction of the rnider’s intended
turn. Additionally, 1n some examples, a second system
having a similar Wheatstone full-bridge strain gauge may be
coupled to the frame to measure stresses imnduced by the
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rider’s weight. This rnider detection strain gauge may be
disposed 1n any suitable location, such as the center area of

the platform (bottom or top).

The second system 1s configured to measure rider weight,
and correspondingly to detect when a rider 1s present. If
present, power may be enabled to the motors. If not present,
power 1s safely shut off. The rider weight measurement may
also be used to set the aggressiveness of the proportional-
integral-derivative (PID) controller (also referred to as a PID
loop) of the seli-balancing controls. For example, a softer
control may automatically be implemented for lightweight
riders, and a stronger, more aggressive control for heavier
riders, thereby greatly adding to the safety of the vehicle.

Examples, Components, and Alternatives

The following sections describe selected aspects of exem-
plary self-balancing vehicles, as well as related systems
and/or methods. The examples 1n these sections are intended
for 1llustration and should not be interpreted as limiting the
entire scope of the present disclosure. Each section may
include one or more distinct embodiments or examples,
and/or contextual or related information, function, and/or
structure.

First Illustrative Selt-Balancing Vehicle

As shown in FIGS. 1-5, this section describes an illus-
trative two-wheeled self-balancing vehicle 100 including
controls having one or more strain gauge systems, as well as
related methods. Vehicle 100 1s an example of the vehicles
described 1n the Overview section above.

FIG. 1 1s an 1sometric front oblique view of vehicle 100.
FIG. 2 1s a front elevation view of the vehicle. FIG. 3 1s a
bottom plan view of the vehicle. FIG. 4 1s a plan view of an
illustrative full bridge strain gauge sensor suitable for use 1n
vehicle 100 and others. FIG. 5 1s a schematic circuit diagram
of an 1llustrative strain gauge sensor and amplification
circuit suitable for use 1n vehicle 100 and others.

With reterence to FIGS. 1-3, vehicle 100 includes a fixed
frame 102 having two foot placement areas 104, 106,
coupled together, each foot placement area being of suili-
cient size to receive the foot of a user with toes pointed
generally 1n the direction of travel. Each foot placement area
may i1nclude a surface tread to provide traction. Together,
foot placement areas 104 and 106 may form an elongate,
rigid riding or foot platform. Accordingly, foot placement
arcas 104 and 106 may each be referred to as a platform
portion. Frame 102 may include any suitable structure
configured such that foot placement areas 104 and 106 are
fixed to each other with negligible tlex or movement. Certain
areas, €.g., a center region 108, of frame 102 will be induced
with stress from the rider, due to the rider’s body orientation.

Motorized hub assemblies 110 and 112 are operatively
connected to each lateral end portion of frame 102 to drive
respective wheels 114 and 116 mounted with axles 118 and
120, as shown 1n FIGS. 1-3. Motorized hub assemblies 110
and 112 may include any suitable hub motor, such as typical
hub motors known in the art. For example, the drive arrange-
ment may use any combination of brushless direct current
(1.e., BLDC) hub motors 122 and 124 with integrated tires
126 and 128. In other examples, a separate wheel and drive
motor (brushed or brushless) may be utilized, with power
transierred via a chain or transmission. In some examples, a
hubless wheel may be driven by a friction drive motor.

A balance position sensor 130 1s coupled (e.g., mounted)
to frame 102, and configured to sense a tilt position of the
vehicle frame (1.e., rotation of the vehicle platform about its
long axis). Balance position sensor 130 may include a
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combined microelectromechanical systems (MEMS) 1nertial
sensor, such as a six-axis rate gyro and accelerometer. In
some examples, sensor 130 1s configured to provide a
measurement of the position (1inclination and 1nertial move-
ment) ol the entire frame 102. Sensor 130 1s preferably
mounted on a circuit board 132 which 1s attached to frame
102. Sensor 130 may be disposed 1n any suitable location on
the frame. However, a location closer to the center of the
vehicle may provide reduced centrifugal force errors caused
by vehicle movement.

A rechargeable battery 134 and battery protection circuit
1s mounted to frame 102 to provide power for the vehicle.
Battery 134 may include any suitable power storage device,
such as a lithium 10n battery.

A first (twist-sensing) full-bridge strain gauge 136 1s
bonded, e.g., at a 45-degree angle, onto frame 102 of vehicle
100. An example of a full-bridge strain gauge 1s shown 1n
FIG. 4. Strain gauge 136 may include a flexible, msulating
substrate 138 supporting one or more conductive foil zig-zag
patterns 140. Deformation of pattern 140 changes the elec-
trical resistance of the pattern, which can be measured at
leads 141. The change 1n resistance can then be used to infer
the magnitude of induced stress, according to known meth-
ods.

Strain gauge 136 may be located at or near center region
108 (1.e., between or at the intersection of foot placement
arcas 104 and 106), or anywhere a majority of strain 1s
induced from the twisting action caused by the rider. Strain
gauge 136 1s configured to detect strains (and therelfore
stresses) mnduced by imbalanced forces on the two foot
placement areas 104 and 106, specifically twisting strain on
vehicle 100 induced by the rider. For greater clanty, the term
“mmbalanced forces” used throughout the present disclosure
means forces that result 1n a twisting stress (1.. a torsional
stress), and therefore a torsional strain on the frame 102. In
normal parlance, an object that receives imbalanced forces
necessarlly undergoes an acceleration directly from the
torces. However, for the purposes of the present disclosure
the term “imbalanced forces” means only that the forces
result in the aforementioned twisting stress; the forces do not
necessarily directly accelerate the vehicle 100. The nder can
casily induce this strain by pressing down with the toes on
one foot and simultaneously pressing down with the heel on
the other foot. Placing the twist-sensing strain gauge on the
top (or bottom) of the center region 108 of frame 102 (for
example), at a 45-degree angle with respect to the long axis
of the vehicle (1.e., diagonally), may only measure torque/
twist strain on the vehicle imnduced from the rider and will
cllectively 1gnore strain caused solely by the weight of the
rider. Proper alignment of this gauge may therefore prevent
unwanted detection of strain from the rider’s weight and
other factors. In some examples, a single or half-bridge
strain gauge may 1nstead be used. In this example, as shown
in FIGS. 1-3, strain gauge 136 1s bonded to frame 102 on a
45-degree angle, on a bottom surface inside the frame, such
that the strain gauge will detect symmetrical twist-induced
strains on frame 102 while also being protected from the
clements.

As shown 1n FIG. 5, the analog output of strain gauge 136
may be amplified with an amplifier circuit 142. Circuit 142
may include any suitable amplification components, and 1s
illustrative 1n nature. The yaw (turning) direction and speed
(or torque) can be derived from the analog voltage, when an
operational amplifier 1s used to detect the voltage shait
caused by the strain gauge pairs stretching and/or compress-
ing 1n response to the mnduced stresses on the vehicle. Circuit
142 provides a method for measuring these small voltage
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changes and supplying an output voltage (corresponding to
an mtended turn) to a microcontroller (see FIG. 8). The
microcontroller then reads the turn request information and
commands a motor controller circuit (see below) to turn the
vehicle according to the rider’s induced torque.

A second (nider detection) full bridge strain gauge 144 1s
bonded at any substantially 90-degree angle onto frame 102,
in or near center region 108 where nider weight induces
stress, e.g., at a top side and/or bottom side of the frame 1n
that region. Strain gauge 144 may be amplified with an
amplifier circuit 146, which may be substantially identical to
circuit 142 (see FIG. 5), and 1s configured to detect rider
weilght-induced strain on vehicle 100. As the rider steps
anywhere onto the top-facing side of the vehicle, a strain 1s
induced and detected by this sensor, thereby indicating when
a rider 1s present and enabling the motor drive system. A
magnitude of the induced stress may be proportional to rider
weight. This control system may be referred to as the
rider-detect system or rider detection. When the rider steps
ofl the vehicle the control system will stop driving the
wheels (e.g., by shutting ofl the motors), such that the
vehicle comes to a stop, and/or may disable the seli-
balancing functions. In some examples, a single or half
bridge strain gauge may instead be used.

The rider’s weight may be precisely calculated based on
a magnitude of the detected strain, and this weight may be
used to adjust the aggressiveness of the balance control PID
loop. This facilitates a less aggressive balance control with
a lightweight nder and a tighter more aggressive balance
control for a heavier rider, with granular variation 1n
between. This feature increases safety and helps to prevent
talls from an overly aggressive vehicle balance system with
light rider, or from an underpowered soft-balanced vehicle
with heavy rider. In other words, the vehicle’s balance loop
will be matched appropriately to the rider’s weight, as
sensed by the second strain gauge.

When nider detection strain gauge 144 indicates that a
rider 1s present, sensed position measurements from balance
position sensor 130 and sensed strain measurements from
twisting strain gauge sensor 136 are used to drive motors
122, 124 and wheels 114, 116 using a motor controller
circuit 148. Outputs of balance position sensor 130 and
twisting strain gauge sensor 136 are used by motor control-
ler circuit 148 to drive motors 122, 124. Motors 122 and 124
are controlled, for example, to bring the vehicle mto a
self-balanced state, to drive forward or reverse, and/or to
turn the vehicle according to the rnider’s indicated desire.
Balance control logic 1n controller circuit 148 receives the
sensed position measurements and drives the wheels toward
seli-balancing. Seli-balancing control logic 1s described 1n
turther detail below.

Generally speaking, drive motors according to the present
teachings may be configured to (1) drive the wheels of the
vehicle 1n unison to cause the vehicle to move linearly in
response to balanced forces on the foot placement sections;
(11) dnive the wheels toward self-balancing the platform 1n
response to iclination (e.g., rotation) of the platform sensed
by a sensor such as a balance position sensor; and/or (111) to
drive the wheels differentially to cause the vehicle to turn 1n
response to twisting strain or stresses sensed by a sensor
such as a strain gauge.

Twist strain sensor 136 measures inferred nider body
position by sensing the strain on fixed frame 102 1n center
region 108. This data is then used by motor controller circuit
148 to command differing torque to motors 122 and 124,
causing vehicle 100 to turn 1n the rider’s desired direction.
In some cases, torque commands may include a proportional
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amount ol opposing differential torque to each wheel’s
motor. In some cases, torque commands may include an
appropriate amount of torque to achieve a proportional
amount of opposite differential velocity to each wheel’s
motor. The more twist force applied to vehicle frame 102 by
the rider, 1.e., by pressing the toes on foot placement area
104 and the heel on foot placement area 106 (or vice versa),
the more sharply the vehicle will be turned.

The rider’s turn request, e.g., 1 the form of measured
twisting strain, may be used 1n the control system to apply
opposite torque to each motor 122, 124, thereby driving the
vehicle in the desired yvaw direction and velocity. The
control system may monitor the yaw rate (e.g., using a
MEMS rate gyro) to determine the yaw direction and
velocity, to ensure the rider’s yaw command 1s properly
executed and within safe margins. An anti-yaw-spin func-
tion may command a counter-yaw torque based on the yaw
rate (e.g., measured by the MEMS rate gyro), thereby
preventing unsaie spin speeds. This anti-yaw-spin command
may be exponential, based on the yvaw rate gyro output. In
some examples, yvaw velocity and direction may be mea-
sured by the difference between the two wheels’ revolution
speeds (e.g., RPM).

As mentioned above, overall balance control PID aggres-
siveness may be lessened 1n response to a lightweight rider
and increased as the rider’s weight rises. Additionally or
alternatively, the reactivity of motor controller circuit 148
with respect to turming may also be automatically adjusted
based on rider weight, and/or may be adjusted to diflerent
selectable rider modes. It may be advantageous to provide an
automatically-adjusting turning rate sensitivity that depends
on the rider’s weight, for example, because a lightweight
rider may not be able to induce as much twisting stress as a
heavier rider. Accordingly, a lightweight rider may need
more twist sensitivity and a heavier rnider less sensitivity.

In examples where rider modes are selectable, for
example, a new rider may select a more sluggish, less
responsive “learning” mode that provides a safter and more
comiortable turning speed. Meanwhile, an expert rnider may
select a very fast and responsive turning speed. In some
examples, this rider mode can be communicated to motor
controller circuit 148 through a wireless connection device
150 disposed on vehicle 100, such as a Bluetooth Smart
(also known as BLE) module, e.g., using a smartphone app.

In some examples, vehicle 100 may save 1n memory the
desired settings of each individual nider, e.g., according to
his or her measured weight, and/or may recall a previously
established profile (e.g., through a wireless connection to a
smartphone). Such a profile may include information regard-
ing balance aggressiveness, turning sensitivity, maximum
speed, and/or the like.

Strain gauges are initially calibrated to center when zero
strain 1s applied to the frame. However, strain gauges have
a known tendency for their accuracy to drift over time. In
some examples, the control logic of vehicle 100 may cali-
brate, upon startup, the zero points of any or all strain
gauges. The calibration may be averaged and saved 1n
memory over several startup events to prevent madvertent
strain adversely affecting the calibration. Accordingly, as the
vehicle 1s used i1t will be gradually calibrated with each
power-on cycle.

The user may be directed to power the vehicle without any
weilght or strain applied to the frame, such that at startup the
strain gauges can be automatically zeroed/centered to cancel
out drift. Drift will be gradual over time, so this power-up
calibration may be configured to aflect the drift value by a
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small amount, as to avoid erroneous calibration by an
accidental strain applied during startup.

An erroneous calibration may be detected for example 1f,
upon power-up, a very large calibration need 1s measured.
This error will be 1gnored and the rider may be warned
accordingly. A full user-initiated calibration method may be
provided as well (e.g., a “tare” button or command).

In some examples, strain gauges may be centered by
detecting when a sensor 1s being quickly saturated while
vehicle 100 1s ridden. In these examples, the gauge will be
slowly centered over time to ensure full movement 1n both
directions. In some examples, center calibration of the zero
point of a strain gauge may be achieved using a digital to
analog converter (DAC) output of the microcontroller con-
nected to the strain gauge through a high value resistor (e.g.,
470K Ohms). This DAC output will essentially replace a
potentiometer 152 of circuit 142, 146 (see FI1G. 5) and allow
the microcontroller to adjust the center points of the strain
gauge full bridge system.

In some examples, strain gauges may alternatively or
additionally be placed under forward and aft portions of
cach foot placement areca (104, 106), to directly detect the
weight of the toe and heel of each foot. For example, four
strain gauge systems 1n total may be used to respectively
measure the toes and heels of a nder (two under each foot
placement area). The measured strain could then be used to
determine the turning intention of the rider in a similar
manner, and also to determine when a rider 1s on or off the
vehicle.

In some examples, a remote control feature may be
implemented to control vehicle 100 using a portable elec-
tronic device (e.g., a smartphone) and installed app, via
wireless module 150. This feature may be enabled or dis-
abled by the nider detection circuit, e.g., to prevent remote
control when a rider 1s present. In some examples, the rider
detection weight threshold may be adjusted using the rider’s
smartphone app and wireless module 150, such that only
riders above a certain weight are permitted to use the vehicle
(e.g., preventing children from unauthorized use).

In some examples, foot placement areas 104 and 106 may
be implemented both on the top and the bottom of the
vehicle, such that the platform and/or vehicle 1s symmetrical
with respect to riding surtace. In these examples, a rider can
ride on the *“top” side or “bottom™ side, whichever may be
more convenient at the time when the rider approaches the
vehicle. The rider detect can detect weight 1n either direc-
tion, and be configured to drive toward seli-balancing with
the rider-weighted side defined as “up.”

Turning to FIGS. 6 and 7, examples of a turn control
method and a rider detection method will now be described.
Each method may be carried out by any suitable controls of
vehicle 100, such as motor controller circuit 148 or other
suitable control systems (e.g., as described below). FIGS. 6
and 7 are flowcharts illustrating steps performed in some
examples, and may not recite the complete process or all
steps of the method. The multiple steps depicted may be
performed 1n conjunction with vehicles and sensing and
control systems according to aspects of the present disclo-
sure. Although various steps of the methods are described
below and depicted 1 FIGS. 6 and 7, the steps need not
necessarily all be performed, and 1n some cases may be
performed 1n a different order than the order shown

FIG. 6 depicts steps of a method 200 for controlling the
turning of vehicle 100 based on strain detected by twist-
induced strain gauge 136. Accordingly, step 202 includes
detecting torque-induced strain using a first strain gauge. As
described above, the first strain gauge may be oriented at
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approximately or exactly 45-degrees with respect to a long
axis of the vehicle (1.e., also with respect to the centerline of
the vehicle and/or a direction of travel). Step 204 includes
determining whether the vehicle 1s already turning and, 11 so,
in which direction. This may be achieved, for example,
using a MEMS yaw gyro and/or by receiving information
from the wheel motors regarding their relative rotational
speeds.

Step 206 includes, 1f the vehicle 1s not turming, mnitiating
a turn of the vehicle 1 the direction indicated by the torque
signal measured by the first strain gauge. For example,
torque may be applied to one or both wheel motors, 1n
differing amounts, to cause the vehicle to turn. It the vehicle
1s already turning, step 208 includes adjusting the torque of
one or both motors to affect the desired turn. For example,
the torque of one wheel motor may be reduced or increased,
depending on the speed of the turn already in progress. In
some 1nstances, the vehicle may be turning 1n a different
direction than desired, 1n which case torque must be gradu-
ally transitioned to reverse the direction of the turn. As
indicated 1n FIG. 6, this series of steps 1s a loop, such that
rider-induced twisting of the vehicle frame 1s monitored and
responded to on a continuous and/or continuing basis.

FIG. 7 depicts steps of a method 300 for controlling the
motors of vehicle 100 based on weight-induced strain
detected by strain gauge 144. Accordingly, step 302 includes
detecting a weight-induced strain using a second strain
gauge. As described above, the second strain gauge may be
oriented at approximately or exactly 90-degrees with respect
to a long axis of the vehicle (1.e., also with respect to the
centerline of the vehicle and/or a direction of travel). Step
304 includes determining whether the detected strain (i.e.,
strain gauge voltage) 1s greater than a selected threshold.
This prevents false positives and avoids unwanted responses
from the system. In some examples, the threshold may be
selected to exclude lightweight riders (e.g., children) from
using the vehicle. If strain voltage 1s less than the threshold,
step 306 includes disabling the motors of the vehicle. It
strain voltage 1s higher than the threshold, step 308 includes
enabling the motors and may also result 1n step 310, 1n which
the PID settings of the balance and/or turn control system are
automatically adjusted based on the weight of the rider, as
described above.

[lustrative Control Systems and Methods

As shown 1n FIGS. 8 and 9, this section describes an
illustrative control system 400 suitable for use 1n seli-
balancing vehicles according to the present teachings (e.g.,
vehicle 100 and 600), as well as related balance control and
vehicle turning methods. Control system 400 may be an
example of (or may include aspects of) motor controller
circuit 148.

FIG. 8 1s a schematic block diagram showing balance and
turn control system 400. Control system 400 may include an
angular rate sensor 402 (e.g., a three-axis MEMS gyro
sensor mtegrated circuit (IC)), one or more incline sensors
404 (e.g., a three-axis MEMS accelerometer 1C), a micro-
controller or microprocessor 406, and a memory 408.

Microcontroller 406 may have suflicient computing
power to receive sensor data and calculate the required
torque needed to safely and comiortably balance the electric
self-balancing vehicle. Microcontroller 406 receives data
from angular rate sensors 402 and incline sensors 404, and
determines the tilt of vehicle 100 1n relation to gravity.
Gravity 1s used here to denote a vertical vector or a vertical
axis 1n relation to the earth. Tilt of vehicle 100 1s used here
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to denote the angle between gravity and longitudinal axis of
the vehicle 1in the plane defined by the forward and reverse
direction of vehicle 100.

Angular rate sensor(s) 402 may include any suitable rate
sensor configured to measure the rate of change of the
incline of vehicle 100, such as a three-axis MEMS gyro rate
sensor having a maximum of 300 degrees per second. Other
components that generate a similar signal may be used.
Angular rate sensor 402 of control system 400 1s held 1n a
fixed position 1n relation to frame 102, and provides the rate
of angular movement of frame 102 to microcontroller 406.
The range of rate output and sensitivity of the sensor(s) 1s
configured to adequately provide accurate data while not
saturating during normal use.

Incline sensor(s) 404 may include any suitable incline
sensing device, such as a MEMS capacitive-type, three-axis
accelerometer with a plus-or-minus two gravity range com-
ponent. Other components that generate a similar signal may
be used. Incline sensor 404 of control system 400 1s fixed in
relation to frame 102, and provides the inclination of frame
102 1n relation to gravity.

Memory 408 may include any suitable digital storage
device (e.g., a non-volatile memory, which does not lose
data when turned off) and may store instructions and PID
tuning parameters. Microcontroller 406 may use the PID
parameters when executing instructions stored in memory
408 to implement a PID algorithm 410. The PID algorithm
sends a control signal to motor drivers 412 located on
controller board 132. The motor drivers set the current or
voltage sent from battery 134 to electric motors 122, 124,
PID parameters may be automatically adjusted per the
rider’s weight, e.g., making them more aggressive with
heavier riders.

Vehicle 100 may further include mstructions 414 stored 1n
a memory 416 of a data processing system 418 (e.g., a
personal computer) having 1ts own processor 420. Instruc-
tions 414 may be supplied to computer 418 as a download
from a computer network (e.g., the Internet) or on a physical
medium (e.g., on a portable memory storage device such as
a thumb drive, CD, or DVD). Control system 400 may be
configured to connect to computer 418, which may upload
instructions 414 to vehicle 100. Instructions 414 and com-
puter 418 may provide for modification of structions or
parameters stored in memory 408 of the balance control
system. Control system 400 may connect to computer 418
through wired or wireless methods, e.g., by a data cable or
by a wireless connection using radio frequency signals and
protocols, or by other suitable wireless means.

FIG. 9 1s a flow chart depicting steps in an 1llustrative
method 500 for achieving balance control, acceleration,
deceleration, turning, and stopping of a vehicle such as
vehicle 100, using control system 400.

At step 502, microcontroller 406 reads angular rate sen-
sors 402 and incline sensors 404. The current angle of
vehicle 100 1n relation to gravity 1s calculated, e.g., primar-
1ly using the data from angular rate sensor 402. The angular
rate 1s retrieved at a set iterval. Approximately 500 to 1400
times per second has been found to be satisfactory, but other
intervals are suitable. The angular rate can be incorporated
into the current incline angle 1n proportion to the time base
to provide a very accurate and responsive current angle of
vehicle 100. Although the angle calculation may be accurate
and responsive, 1t may driit over time. This drift can be
corrected by slowly incorporating the incline sensor’s cal-
culated t1lt angle into the current angle of the vehicle, as
explained below.
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Incline sensor 404 data 1s read at a similar periodicity as
the angular rate sensor 402. At step 504, all three axes of
accelerometer-based incline sensor 404 are read. The three
axes, referred to as X, Y, and Z, form a standard coordinate
system. Z 1s defined here as the vertical direction, corre-
sponding to gravity, with X in the left-right direction, and Y
in the forward-back direction. One axis in the Y plane would
be suilicient information to determine tilt angle. Two axes in
the Y-Z plane would provide a more accurate tilt angle.
Three axes can determine how much total centrifugal force,
acceleration, deceleration, and gravity 1s being applied to
incline sensor 404. The total combined accelerations of all
three axes, while vehicle 100 1s stationary, should be equal
to one earth gravity (G). If more or less than one G 1s
indicated, then external forces are being applied to vehicle
100. The total combined accelerations can be calculated with
the following formula:

\/X2+ Y2+ 72

The actual tilt angle relative to earth’s gravity 1s averaged
or damped over a period of time suflicient enough to filter
out noise and outside (non-gravity) forces. Accelerometer
data with a total acceleration of more or less than one G will
be discarded as inclusive of outside forces such as horizontal
acceleration, horizontal deceleration, and centrifugal force.
These outside forces would add error to the tilt calculation.
Fore-aft tilt 1s calculated using the Y and Z axes as shown
by the following formula:

tan

N | =

Fore-aft tilt 1s included in the current angle of vehicle 100
suiliciently enough to overcome any driit incorporated by
angular rate sensor 402. At step 506, angular error with
respect to vertical (1.e., relative to gravity) 1s calculated.

At step 508, the PID tuning parameters are retrieved.
These PID tuning parameters are used 1n PID algorithm 410
to calculate the required torque settings to accelerate, decel-
erate, and/or balance vehicle 100 1n relation to gravity.

A PID controller has three main elements: proportional
control, integral control, and derivative control. These three
clements are suflicient to create a responsive, accurate, and
stable system. Proportional control (P) 1s tuned by the
proportional gain (kP) parameter stored in memory 408. A
proportional controller’s output 1s the error signal multiplied
by kP and 1s responsible for providing a responsive system.
Integral control (I) 1s tuned by the integral gain (kl) param-
cter stored 1n memory 408. An integral controller’s output 1s
the sum of all preceding error signals multiplied by kI and
1s responsible for providing an accurate system. It 1s also
necessary to have limits on the sum to limait oscillating of the
system. Integral control may not be necessary 1n all embodi-
ments, nstead using a PD loop. Differential control (D) 1s
tuned by the differential gain (kD) parameter stored in
memory 408. A differential controller’s output 1s the velocity
of the error signal multiplied by kD and 1s responsible for
providing a stable system. The output of the PID controller
1s the sum of all P, I, and D outputs. Use of the PID controller
in this application should be readily apparent to those skilled
in the art.

At step 510, the nder-induced frame twist 1s measured, as
described above with respect to twist-sensing strain gauge
136. At step 512, the nder weight 1s measured, as described
above with respect to rider detection strain gauge 144. At
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step 514 the PID settings are adjusted according to the
rider’s weight. At steps 514 and 516, the previously
retrieved and adjusted PID settings are used 1n the algorithm
to calculate and (at step 518) to set the required torque
settings to drnive the vehicle into a vertical position 1n
relation to gravity and to turn (yaw) the vehicle according to
the rider’s indicated mtention. This simple control technique
inherently allows the rider to lean forward or angle his/her
ankles forward to accelerate the vehicle 100 or lean back or
angle his/her ankles back to decelerate or stop the vehicle
while always maintaining vertical balance.

Second Illustrative Self-Balancing Vehicle

As shown 1n FIGS. 10-15, this section describes another
illustrative two-wheeled self-balancing vehicle 600 with
controls having one or more strain gauge systems, as well as
related methods. Vehicle 600 1s an example of the vehicles
described 1n the Overview section above, and 1s an example
of vehicle 100. Accordingly, corresponding components
may be labeled with similar reference numbers. Vehicle 600
should be understood to include the various features, includ-
ing balance and turning control systems, of vehicle 100,
substantially as described above (although possibly disposed
in different locations). Additional and/or differentiating fea-
tures of vehicle 600 are described below.

Vehicle 600 includes an elongate frame 602 including a
rigid foot placement platiorm 604 defining a long axis L, a
centerline C, and having a first foot placement section 606
and a second foot placement section 608. The foot place-
ment sections are rigidly connected together, such that the
foot placement sections do not pivot relative to each other,
except possibly for some flex 1n the materials used to
construct the platform and frame.

A center region 610 of frame 602 i1s generally defined
between the two foot placement sections, as indicated in
FIGS. 10-14. A grip-enhancing surface 611 1s included on an
upper face of platform 604. In this example, surface 611
includes a plurality of raised hexagonal shapes, with corre-
sponding channels running between the raised shapes. How-

ever, any suitable grip-enhancing surface may be included.
A first lateral end (or side) 612 of platform 604 includes

a first wheel 614, and a second lateral end (or side) 616 of
platiorm 604 includes a second wheel 618. Both wheels are
oriented to rotate on a common axis of rotation, which 1s
substantially parallel to long axis L of platform 604. Wheels
614 and 618 are disposed adjacent to the lateral sides of
platform 604. A pair of fenders 620, 622 extend upward from
frame 602 to at least partially overhang wheels 614 and 618,
respectively. In some examples, fenders 620 and 622 may be
detachable. In some examples, fenders 620 and 622 may be
attached to an axle or a portion of frame 602 that does not
t1lt with platform 604. In some examples, the fenders may be
selectively positionable differently than platform 604. This
may be beneficial, for example, to ensure the fenders remain
directly above the wheels during operation, and/or may
tacilitate tlipping platiorm 604 over to operate vehicle 600
while standing on the opposing (bottom) side.

As described with respect to vehicle 100, vehicle 600
includes a balance position sensor attached to platform 604
and related circuitry, as well as a rechargeable battery to
power various components, mncluding drive motors 624, 626
(e.g., hub motors) associated with each wheel. As shown 1n
FIG. 10, an AC adapter 628 may be used to charge the
battery of vehicle 600 through a power port 630 in center
region 610. An on/ofl switch 632 may be disposed on center
region 610 as well.

Platform 604 further includes a front end 634, a rear end
636, and a bottom surface 638. Bottom surface 638 may be
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spaced from the upper grip surface 611 of frame 602 by
walls at front end 634 and rear end 636, forming a substan-

tially weatherprool container for housing internal compo-
nents (e.g., sensors and circuitry). Various covered access
ports 640 may be located on bottom surface 638 (and/or
other suitable locations) to allow access to the internal
components.

As shown in FIG. 12, a twist-sensing strain gauge 642
may be disposed in center region 610, adjacent to bottom
surface 638, and oriented at 45-degrees with respect to
centerline C. A second, rider detection strain gauge 644 is
also disposed 1n center region 610, spaced from strain gauge
642 and oriented at 90-degrees relative to centerline C
and/or long axis L. Both strain gauges 642 and 644 are
substantially identical in structure and operation to strain
gauges 136 and 144, respectively. Accordingly, strain gauge
642 1s configured to sense twisting strain 1n the platform
induced by imbalanced forces exerted upon the first and
second foot placement sections (for example, by an 1mbal-
anced toe/heel combination as described above). Similarly,
drive motors 624 and 626 are configured to drive the wheels
toward self-balancing platiorm 604 in response to inclina-
tion of the platiorm sensed by the balance position sensor,
and to drive the wheels differentially to cause the vehicle to

turn 1n response to twisting strain sensed by strain gauge
642.

Wheels 614 and 618 may include tires 646 and 648,
respectively. Tires 646 and 648 may include a surface tread
coniigured to provide enhanced traction on expected terrain.
Tires 646 and 648 may include pneumatic tires, liquid, solid,
or gel-filled tires, or any other suitable tire.

In the present disclosure it has been stated that the drive
motors 122, 124 and 624, 626 are configured to:

drive the wheels 114, 116 and 614, 618 toward seli-
balancing the platform 1n response to inclination of the
platiorm sensed by the balance position sensor, and are
configured to drive the wheels differentially to cause
the vehicle 100, 600 to turn in response to twisting
strain sensed by the first strain gauge;

drive the wheels 1n unison to cause the vehicle to move

linearly 1n response to balanced forces on the first and
second foot placement sections;

drive the wheels toward seli-balancing the platform 1n

response to rotation of the platform sensed by the
balance position sensor, and to drive the wheels difler-
entially to cause the vehicle to turn 1n response to strain
sensed by the first strain gauge; and/or

carry out any other action described herein.

It can also equally be said that the control system 400 is
configured to cause the drive motors to drive the wheels 114,
116 and 614, 618 1n any of these atorementioned ways.

In the present disclosure, it has been stated that the strain
gauges sense strain and that the strain gauges sense stress.
This 1s because stress and strain 1n a material are related to
one another, 1n the sense that, when a material undergoes
stress, 1t undergoes strain, and when a material undergoes
strain, 1t undergoes stress.

Additional Examples and Illustrative Combinations

This section describes additional aspects and features of
seli-balancing electric vehicles according to the present
teachings, presented without limitation as a series of para-
graphs, some or all of which may be alphanumerically
designated for clarity and efliciency. Each of these para-
graphs can be combined with one or more other paragraphs,
and/or with disclosure from elsewhere 1n this application,
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including the materials incorporated by reference in the
Cross-References, 1n any suitable manner. Some of the
paragraphs below expressly refer to and further limit other
paragraphs, providing without limitation examples of some
ol the suitable combinations.

AO. A self-balancing electric vehicle, comprising:

a platform defining a long axis, a first foot placement
section, and a second foot placement section rigidly
coupled to the first foot placement section;

a first wheel disposed adjacent to a first lateral end of the
plattorm and a second wheel disposed adjacent to a
second lateral end of the platform, wherein the first and
second wheels share a common axis of rotation parallel
to the long axis of the platform;

a balance position sensor attached to the platform and
configured to sense inclination of the platiorm:;

a {irst strain gauge attached to the platform and configured
to sense twisting strain in the platform induced by
imbalanced forces exerted upon the first and second
foot placement sections;

a first drive motor configured to drive the first wheel, and
a second drive motor configured to drive the second
wheel, wherein the drive motors are configured to drive
the wheels toward self-balancing the platform in
response to inclination of the platform sensed by the
balance position sensor, and to drive the wheels difler-
entially to cause the vehicle to turn in response to
twisting strain sensed by the first strain gauge.

Al. The vehicle of AO, turther comprising a second strain
gauge attached to the platform and configured to sense strain
in the platform induced by a rider’s weight exerted upon the
platform.

A2. The vehicle of A1, wherein the first and second strain
gauges are disposed between the first foot placement section
and the second foot placement section.

A3. The vehicle of A1, wherein the first and second drive
motors are configured to be activated when the second strain
gauge senses strain exceeding a predetermined minimum,
and to be deactivated when the second strain gauge senses
strain less than the predetermined minimum.

A4. The vehicle of A1, wherein the first and second drive
motors are configured to drive the wheels toward seli-
balancing the platform i1n response to inclination of the
platiorm sensed by the balance position sensor and also in
response to a magnitude of the strain sensed by the second
strain gauge.

A5. The vehicle of Al, wherein the first and second drive
motors are configured to drive the wheels differentially to
cause the vehicle to turn in response to twisting strain sensed
by the first strain gauge and also 1n response to a magnitude
of the strain sensed by the second strain gauge.

A6. The vehicle of any of paragraphs A0 through A3,
wherein the first and second drive motors are configured to
drive the wheels diflerentially to cause the vehicle to turn 1n
response to twisting strain sensed by the first strain gauge
and also 1n response to a ride characteristic setting selectable
by a nder.

A’7. The vehicle of any of paragraphs AO through A6,
wherein the platform includes a top side and a bottom side,
and wherein the platform 1s configured to be flipped over and
operated with 1ts top side facing downward and its bottom
side facing upward.

BO. A self-balancing electric vehicle, comprising:

a rigid platform including a first foot placement section
and a second foot placement section which 1s substan-
tially rigidly attached to the first foot placement sec-
tion;
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a first wheel associated with the first foot placement
section and a second wheel associated with the second
foot placement section, wherein the first and second
wheels are spaced apart and substantially parallel to
one another:;

a {irst drive motor configured to drive the first wheel, and
a second drive motor configured to drive the second
wheel;

a vehicle balance position sensor coupled to the rigid
platform; and

a strain gauge coupled to the rigid platiorm;

wherein the drive motors are configured to drive the
wheels toward self-balancing the platform in response
to data from the vehicle balance position sensor, the
drive motors are configured to drive the wheels ditler-
entially to cause the vehicle to turn in response to data
from the strain gauge indicating imbalanced forces on
the first and second foot placement sections, and the
drive motors are configured to drive the wheels 1n
unison to cause the vehicle to move linearly 1n response
to balanced forces on the first and second foot place-
ment sections.

B1. The vehicle of BO, wherein the strain gauge 1s
oriented diagonally with respect to the rigid platform, such
that the strain gauge measures only twisting aspects of the
imbalanced forces on the first and second foot placement
sections.

B2. The vehicle of any of paragraphs BO through Bl,
wherein the strain gauge 1s disposed 1n a center region of the
rigid platform, between the first and second foot placement
sections.

B3. The vehicle of B2, wherein the strain gauge 1s
disposed adjacent to a bottom surface of the rigid platform.

B4. The vehicle of any of paragraphs BO through B3,
wherein the drive motors are configured to drive the wheels
differentially to cause the vehicle to turn 1n response to data
from the strain gauge and in response to a mode of the
vehicle selected by a user.

B5. The vehicle of any of paragraphs BO through B4,
wherein the strain gauge 1s a first strain gauge, the vehicle
turther including a second strain gauge coupled to the rigid
plattorm and configured to sense strain i the platform
induced by a weight of a nder exerted upon the platform.

B6. The vehicle of BS5, wherein the drive motors are
configured to drive the wheels differentially to cause the
vehicle to turn 1n response to data from the strain gauge and
in response to the weight of the nider.

CO. A self-balancing electric vehicle, comprising:

a platform including a first foot placement section and a
second foot placement section which are substantially
rigidly attached to each other;

a first wheel associated with a first lateral side of the
platform and a second wheel associated with a second
lateral side of the platform, wherein the first and second
wheels are spaced apart and share a common axis of
rotation which 1s substantially parallel to a long axis of
the platform;

a balance position sensor configured to sense rotation of
the platform about 1ts long axis;

a strain gauge configured to sense strain (and therefore
stresses) induced 1n the platform by imbalanced forces
applied to the first foot placement section and the
second foot placement section;

a first drive motor configured to drive the first wheel, and
a second drive motor configured to drive the second
wheel, wherein the drive motors are configured to drive
the wheels toward self-balancing the platform in
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response to rotation of the platform sensed by the
balance position sensor, and to drive the wheels differ-

entially to cause the vehicle to turn 1n response to strain
(and therefore stresses) sensed by the strain gauge.

Cl. The vehicle of CO, wherein the strain gauge measures
twisting strain caused by the imbalanced forces.

C2. The vehicle of C1, wherein the strain gauge 1s coupled
to a center region ol the platform at an approximately
45-degree angle with respect to the long axis of the platform.

C3. The vehicle of any of paragraphs CO through C2,
turther including a second strain gauge coupled to the ngid
plattorm and configured to sense strain in the platform
induced by a weight of a nder exerted upon the platform.

C4. The vehicle of C3, further including a control circuit
configured to control the first and second drive motors using
a proportional-integral-derivative (PID) algorithm, wherein
one or more parameters of the PID algorithm are altered
based on the weight of the nder detected by the second strain
gauge.

CS. The vehicle of claim C3, wherein the drive motors are
configured to drive the wheels differentially to cause the
vehicle to turn 1n response to stresses sensed by the first
strain gauge and 1n response to the weight of the nider
detected by the second strain gauge.

D. In some examples, the vehicle control systems may not
measure, use, and/or need a measurement of the roll angle of
the vehicle or rider.

E. In some examples, the vehicle control systems may not
measure, use, and/or need a measurement of yaw rate of the
vehicle or rider.

F. In some examples, the vehicle may include a wireless
connection feature for connecting to a mobile phone, such as
BLE (Smart Bluetooth), which allows remote configuration
of the turning strain gauges and rider detect strain gauges.
The rider can customize the timing, speed, sensitivity, maxi-
mum velocity, and/or many other parameters to fully cus-
tomize the turning functionality to the rider’s taste. For
example, the vehicle could be placed 1n “learning” mode for
new riders which reduces the sensitivity of the turning
sensors; or alternatively 1 “expert” mode which increases
the sensitivity allowing faster control and movements for a
more skilled nder. This connection may also provide, and
allow to be set, vehicle data such as speed, battery level,
distances, ride modes, maximum speed, maximum turn rate,
rider detect threshold, strain gauges zero calibration, charg-
ing status, etc.

G. In some examples, the frame may be hinged in the
middle for ease of storing and transportation. The hinge may
be oflset to the left or right to allow for nesting of the wheels
next to each other when folded. The center platiorm hinge
point may extend up when folded and also serve as a handle.
The hinge may have a locking mechanism to prevent unde-
sired hinge movement while riding. The hinge could be 1n
the longitudinal axis allowing the folded vehicle to be as flat
and compact as possible.

Advantages, Features, Benefits

The different embodiments and examples of the seli-
balancing vehicles described herein provide several advan-
tages over known solutions. For example, illustrative
embodiments and examples described herein allow an 1ntui-
tive and simple way to detect the nder position when a
desired turn 1s commanded.

Additionally, and among other benefits, 1llustrative
embodiments and examples described herein allow the
manufacture of a simple, reliable, stronger, cost-eflective,
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and customizable vehicle without the complexity of inde-
pendently movable foot platforms and rider detection
switches.

Additionally, and among other benefits, illustrative
embodiments and examples described herein facilitate auto-
matic 1implementation of a soiter control for lightweight
riders, and a stronger, more aggressive control for heavier
riders, thereby greatly adding to the safety of the vehicle.

Additionally, and among other benefits, illustrative
embodiments and examples described herein include a strain
gauge system that replaces known systems of rubber pads
configured to press gates down through optical detectors.
The strain gauge system may be cheaper, simpler, more
reliable, smaller, lighter and/or more configurable.

Additionally, and among other benefits, illustrative
embodiments and examples described herein, compared to
vehicles with platforms having independently pivotable foot
sections, eflectively fix the drive motors together (1.e., to a
single rigid platform) allowing torque from both motors to
drive forward and backward together when an obstacle 1s
encountered by one wheel.

No known system or device can perform these functions.
However, not all embodiments and examples described
herein provide the same advantages or the same degree of
advantage.

CONCLUSION

The disclosure set forth above may encompass multiple
distinct examples with independent utility. Although each of
these has been disclosed 1n 1ts preferred form(s), the specific
embodiments thereof as disclosed and 1llustrated herein are
not to be considered 1n a limiting sense, because numerous
variations are possible. To the extent that section headings
are used within this disclosure, such headings are for orga-
nizational purposes only. The subject matter of the
invention(s) includes all novel and nonobvious combina-
tions and subcombinations of the various elements, features,
functions, and/or properties disclosed herein. The following
claims particularly point out certain combinations and sub-
combinations regarded as novel and nonobvious. Other
combinations and subcombinations of features, functions,
clements, and/or properties may be claimed 1n applications
claiming priority from this or a related application. Such
claims, whether broader, narrower, equal, or different 1n
scope to the original claims, also are regarded as included
within the subject matter of the present disclosure.

What 1s claimed 1s:

1. A seli-balancing electric vehicle, comprising:

a platform defimng a long axis, a first foot placement
section, and a second foot placement section substan-
tially nngidly coupled to the first foot placement section;

a first wheel disposed adjacent to a first lateral end of the
plattorm and a second wheel disposed adjacent to a
second lateral end of the platform, wherein the first and
second wheels share a common axis of rotation parallel
to the long axis of the platform;

a balance position sensor attached to the platform and
configured to sense inclination of the platiform:;

a first strain gauge attached to the platform and configured
to sense twisting strain in the platform induced by
imbalanced forces exerted upon the first and second
foot placement sections;

a first drive motor configured to drive the first wheel, and
a second drive motor configured to drive the second
wheel, wherein the drive motors are configured to drive
the wheels toward self-balancing the platform in
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response to inclination of the platform sensed by the
balance position sensor, and to drive the wheels differ-
entially to cause the vehicle to turn in response to
twisting strain sensed by the first strain gauge.

2. The vehicle of claim 1, further comprising a second
strain gauge attached to the platform and configured to sense
strain 1n the platform induced by a nider’s weight exerted
upon the platiorm.

3. The vehicle of claim 2, wherein the first and second
strain gauges are disposed between the first foot placement
section and the second foot placement section.

4. The vehicle of claim 2, wherein the first and second
drive motors are configured to be activated when the second
strain gauge senses strain exceeding a predetermined mini-
mum, and to be deactivated when the second strain gauge
senses strain less than the predetermined minimum.

5. The vehicle of claim 2, wherein the first and second
drive motors are configured to drive the wheels toward
self-balancing the platform 1n response to inclination of the
platiorm sensed by the balance position sensor and also in
response to a magnitude of the strain sensed by the second
strain gauge.

6. The vehicle of claim 2, wherein the first and second
drive motors are configured to drive the wheels differentially
to cause the vehicle to turn 1n response to twisting strain
sensed by the first strain gauge and also in response to a
magnitude of the strain sensed by the second strain gauge.

7. The vehicle of claim 1, wherein the first and second
drive motors are configured to drive the wheels differentially
to cause the vehicle to turn 1n response to twisting strain
sensed by the first strain gauge and also 1n response to a ride
characteristic setting selectable by a rider.

8. A seli-balancing electric vehicle, comprising;:

a rigid platform including a first foot placement section
and a second foot placement section which 1s substan-
tially rigidly attached to the first foot placement sec-
tion;

a first wheel associated with the first foot placement
section and a second wheel associated with the second
foot placement section, wherein the first and second
wheels are spaced apart and substantially parallel to
one another:

a first drive motor configured to drive the first wheel, and
a second drive motor configured to drive the second
wheel;

a vehicle balance position sensor coupled to the nigid
platform; and

a strain gauge coupled to the nigid platform;

wherein the drive motors are configured to drive the
wheels toward self-balancing the platform 1n response
to data from the vehicle balance position sensor, the
drive motors are configured to drive the wheels difler-
entially to cause the vehicle to turn 1n response to data
from the strain gauge indicating imbalanced forces on
the first and second foot placement sections, and the
drive motors are configured to drive the wheels 1n
unison to cause the vehicle to move linearly in response
to balanced forces on the first and second foot place-
ment sections,

wherein the strain gauge 1s oriented diagonally with
respect to the ngid platform, such that the strain gauge
measures only twisting aspects of the imbalanced
forces on the first and second foot placement sections.

9. The vehicle of claim 8, wherein the strain gauge 1s
disposed 1n a center region of the rigid platform, between the
first and second foot placement sections.
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10. The vehicle of claim 9, wherein the strain gauge 1s
disposed adjacent to a bottom surface of the rigid platform.

11. The vehicle of claim 8, wherein the drive motors are
configured to dnive the wheels differentially to cause the
vehicle to turn 1n response to data from the strain gauge and
in response to a mode of the vehicle selected by a user.

12. The vehicle of claim 8, wherein the strain gauge 1s a
first strain gauge, the vehicle further including a second
strain gauge coupled to the rigid platform and configured to
sense strain 1n the platform induced by a weight of a nder
exerted upon the platform.

13. The vehicle of claim 12, wherein the drive motors are
configured to drive the wheels differentially to cause the
vehicle to turn 1n response to data from the strain gauge and
in response to the weight of the rnider.

14. A self-balancing electric vehicle, comprising:

a platform including a first foot placement section and a
second foot placement section which are substantially
rigidly attached to each other;

a first wheel associated with a first lateral side of the
platform and a second wheel associated with a second
lateral side of the platform, wherein the first and second
wheels are spaced apart and share a common axis of
rotation which 1s substantially parallel to a long axis of
the platform:;

a balance position sensor configured to sense rotation of
the platform about its long axis;

a first strain gauge configured to sense strain iduced 1n
the platform by imbalanced forces applied to the first
foot placement section and the second foot placement
section;

a first drive motor configured to drive the first wheel, and
a second drive motor configured to drive the second
wheel, wherein the drive motors are configured to drive
the wheels toward self-balancing the platform in
response to rotation of the platform sensed by the
balance position sensor, and to drive the wheels differ-
entially to cause the vehicle to turn 1n response to strain
sensed by the first strain gauge,

wherein the first strain gauge measures twisting strain
caused by the imbalanced forces.

15. The vehicle of claim 14, wherein the first strain gauge
1s coupled to a center region of the platform at an approxi-
mately 45-degree angle with respect to the long axis of the
platform.

16. The vehicle of claim 14, further including a second
strain gauge coupled to the rigid platform and configured to
sense strain 1n the platform induced by a weight of a nder
exerted upon the platform.

17. The vehicle of claim 16, further including a control
circuit configured to control the first and second drive
motors using a proportional-integral-derivative (PID) algo-
rithm, wherein one or more parameters of the PID algorithm
are altered based on the weight of the nder detected by the
second strain gauge.

18. The vehicle of claim 16, wherein the drive motors are
configured to drive the wheels differentially to cause the
vehicle to turn 1n response to stresses sensed by the first
strain gauge and i1n response to the weight of the nder
detected by the second strain gauge.

19. The vehicle of claim 16, wherein the strain gauge 1s
oriented diagonally with respect to the rigid platform, such
that the strain gauge measures only twisting aspects of the
imbalanced forces on the first and second foot placement
sections.
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20. A self-balancing electric vehicle, comprising:

a rigid platform including a first foot placement section
and a second foot placement section which 1s substan-
tially rigidly attached to the first foot placement sec-
tion; 5

a lirst wheel associated with the first foot placement
section and a second wheel associated with the second
foot placement section, wherein the first and second
wheels are spaced apart and substantially parallel to
one another: 10

a first drive motor configured to drive the first wheel, and
a second drive motor configured to drive the second
wheel:

a vehicle balance position sensor coupled to the ngid
platform; and 15

a strain gauge coupled to the rigid platiorm:;

wherein the drive motors are configured to drive the
wheels toward self-balancing the platform 1n response
to data from the vehicle balance position sensor, the
drive motors are configured to drive the wheels difler- 20
entially to cause the vehicle to turn 1n response to data
from the strain gauge indicating imbalanced forces on
the first and second foot placement sections, and the
drive motors are configured to drive the wheels 1n
unison to cause the vehicle to move linearly 1n response 25
to balanced forces on the first and second foot place-
ment sections,

wherein the strain gauge 1s disposed 1n a center region of
the ngid platiorm, between the first and second foot
placement sections. 30
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